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summation time was found for cells either near the bursting sphere or right at
the edge of the sphere. Conceptually, as the bursting sphere is made larger and
larger one eventually reaches a point at which the delay time to explosion in at

I least one of the cells is long enough such that an explosion process can start.

- This is taken as the criterion for detonation initiation in this model. Numerous
cases were run and initiation behavior was plotted both as a function of the
total energy of the bursting sphere and the energy density of the bursting sphere
In addition, a few runs were made for the ramp edition of energy to compare to
the bursting sphere results. The study shows that as the energy density of the
sphere g~s becomes lower the total energy required for initiation increases
sharply,> This is in agreement with experimental studies using spark initiation.
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I. INTRODUCTIONVSince the early 1940's, there have been a nu-mber of models for the

process called detonation. These range from the early one-dimensional

model of Zel'dovich anid Kompaneets1 to models taking account of three-di-

2 3
inensional structure including those of Barthel and Strehlow2 and Barthel

2heTon2-diensiona model is well developed and the three-dimensional

modl, houh lsswell understood, yet provides much qualitative insight

into the mechanism responsible for the self-sustaining nature of the

detonation.

Within the scope of the subject cof detonation, one can specifically

focus attention on the initiation process. lnitttatioti is usually- considered

to include the following events. HFirt, a shock' wave travels through a

combustible mixture, raising its temperature and pressure. Next an induction

zone develops in which chomicu., reaction begins to taiku place. The Wtemp-

oraturo and pressure in this, ý'.ne remitin fairly constant as any hoat release

isapproximuately cancel led by a co~rrespond ing endothermic di ssoclat ion.

Tile induction zone is characto-rized b,- the induation delay, also called thle

delay time to ignit ion, which is simply the time a pairticle of the mixture

ipnd i the induction zono. , nul lv, the recom~bination or heat releaso

reg ion develops. Th% of cour~u yiebtls the, obg -rv,.W exothermice nature of

a detonation. As can bu seen th~is on ,ire prucess i~s non-steady.

It would be instructive t'. obubi ai a modo.l fur this init iatl n proeess.

which will yield the qualitative ihohovior which re.iu its its onc v~uies

input paramleter's such its tOenpV2Vkturv ind shock over'pressure. I'hi s then is

the soope 4)f this paper. A nmdel 1'o t he i nitiat ion U1, shuck i mdtlevJ dvto-

nat ion is devvelpedI fLhit splivrioa I flow Ii'ielk. Tthu difforont typos of

ziok- ije~tl flow 1Cikb e dire the g.nvrnte ill '4161.1 thL' ilitiat ioll Il~layokl



These include flows generated by wassless, high pressu-re, bursting

spherical vessels and flows resulting from finite, rat,. depositions of

energy at a spherical region in space. For all these flow fields, the

model then yields information cn delay time to ignition, minimum

energy requirements, sound speced vffec~ts and explosion loci.

II. BACKGROUND F~LOW

The initiation process must occur in the fla)w field under consider-

ation. This flow field is generated by a computer program, which was

obtained from A. K. Oppenhe im. The CLOUD program, as it is calle1. in

this paper, uses a finit(, difference scheme to evaluate the fluid dynam-

ic conservation equations in one-dimensioral Lagratigil-in f orm, Trhese

include the continuity, momentum and energy equiatituns A fourth expr'es-

$ion, the equation of state i." alsso evaluated. Th(- equatiobn of staltv for

this investigation takes the form of the perfect gits law.

The CLOUD) prograni perform~s itts co lc'ilatIoiis w th 11on-dimensional

variables. This fact is kcruej~al to 1later %:~um~tat`,onP4 because it allowis

one to substitute in desired refervncv prameuter,, taft or a Siven com~puter

run has been made.

Thie indupotiduitt variables; for thu. numorical 'tM io are. V , t/4t

and R r/r0 whime V and r denotte ki juens ivnt: i re no,[ raidial pos~t ionl and

andand are the reference pa raliet e) .Used to*60 J esi n i~ the

Calculations.

The depondont var i;bies ffk 1411 Iruw 1111431.ýv3 he ;jrv ci~ VO I ii

C1Wil0 iO~ prq'r 111 Coe ilater art. ".e li tý prvtl suo ar i t ty he proý,,Urt:

at Var iCuuS poinit- ill the IIUw 1 eIO * usd to ;Il'r e thek thule ofshc
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passage even though the pressure does not enter into initiation calcula-

tions. The viscosity term is used to smooth out infinite gradients at

the shock location, as these are unacceptable in the finite-diffecence

computational scheme.

In order to validate the data concerning the flow field which are

obtained from the CLOUD program, three comparison runs were made for the

case of a bursting sphere. These include sphere bursts of 22 atm air into

1 atm ambient air and 15.79 atm helium into I atm ambient air. These

runs are compared to corresponding runs made by Brode. Also a high pres-

sure sphere burst of 200 atm attr into 1 atm ambient air is compared to a

corresponding run made by Hiuang and Chou. 6 These data are shown graphically

on Figs. 1-3. On these plots 13", the non-dimensional shock o\,orprossure

is shown as a funct ion of non-dimensional energy seaaled radius or. shock

location. is dktermined from the vxpreislon

P1  , - P . -.

where 11 is the value of the sihouk:ovorprus.tire and i is the almbien t

reference 1)essure. W1s is obtainew t Iom the expression

where Is the: l.uatioai of' ti,, shc d the Icaliig radtis

and I.; deti-mined by the foll owting r t. lattz oi, III. i ,eu•,ed i Stroeilu'll ald

•.: K~icker.7 :

• [ ii V JeE

heeP iz*e,-4z~th t~ f ee3)e~ anii ~.
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amount of energy which must be added to a sphere at ambient conditions to

raise its temperature and pres~sure to the conditions necessary for the

burst. This energy addition is. assumed to occur instantaneously and at con-

stant volume. Ei is found from the relation,

2 - 2 r (4)

where Pisthe pressure in the sphereý just prior to burst, 5i h

specific heat ratio of thu gas in the sphere and r0 is the initial radius

of the. sphere. Then suhstituting eqn. 4 into uqn. 5 and the resultinig torm

of eqn1. 3 into eqa. 2, it is found that

It Iust aso be noted that in Ft31 igs. l-3 the first point is not obtailled

from the (inito-Jitfuro;evcc ocuicatiout but is detoriwned analytically

x o the shock rar-wwuve-rarciit ivn Qunta.wt surface retui t'cnent , as found ina

Liopwaam and Roshiko.

* L flZ ia&+ (fl~ p/P., -1)

whaor a0 refers to the awhblotu wuuud >peedJ, ul is tile sphcer Seund Speed

j just prior to brs At ad iS ;c~ i he It ra V~iv In the ittlIbie Air.

All ot:hr quantities arc h1 ~te :.s nufwd pr~tvibu.sy. Lpit~. b Iý ~tera-

tiv1y 01vvd or ho U~AutitUý P B1 StwIC1 Is rI'uua ~us u On to~ .~Nil. I

to u~tstilI the Initial poitLa.

Also shoutsn In Figt. 1- ae~.e 6ma tu btainedl frt V .wndw un~rxI

program. lhids utht'r prograwt, 01046w t he vIIj~n WO as sft"'iutemd

I rom H. MI. flwroberg. AiM.ýa ItI '04"1 tits. CLCWOWi1 suNO) J't1tl'dat it)



very good agreement. Thi s wiI, then t:...en as evidence of the accuracy

and validity of data obtained 1:rom tht. CLOULD program.

Ill. IGNITION MODEL

The ignition model analyý:ttd in ti-is investigation is viewed as a

simple one-dimensional model which will allow a parameter study of the

problem. General trends and behavior are sought rathý,r than specific

numerical values. With this in mind then, the following procedure is

employed.

As given in Cusey 10 the local delay time tc ignit ion for a hidrogen-

oxygen system is given by the 2ormlula,

A
rL .. A ex(F/T 7

where A is caulled the pro-eqpt'nuntial factor, ') 10, i uitc oxygenl ouncentra-

tion LAin he cem keltivatiV~ott ettergy, it 0- the miivorsal gas constant

uad T is the teperature. 1he local colay time ,will refer to a particular

"partiuele or "ceil" in the t'lou, field. Titus at tach un4''tant of timc, each

particle il thle flow will hav atn uis tatarieous value of local delaj tilme,

i. We canl then defiin the variahkY to bh ftl fraction of total delay

time consumed, uhere the total deloy wme is 'jtUal to the time spent in the

tinduct ion :one. V is then given 1Iy vie totlo 1ing essto uaien froli

St roh I ow

whoere t rtifers To thl Oaetime ".tosvk 'tt3S~agu.

theasiv ~approach isto lo ~ vti;.S itun partile, pa th

until its value is iC4al to u~titY. 3 4fl' will iroptdto liii' l0o:Jtiki

! v =i
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in space and time when the pailicle leaves the induction zone and ignites,

The Lagrangian approach is thus seen to be very useful as one must into-

grate eqn. 8 while following individual particles in the flow. Eqn. 8

must be cast into a slightly different form for use with the CLOUD program.

This will be discussed later.

It is now nccessary to specify the combustible mixture and the chemi-

cal kinetics to be studied. For simplicity, all computer runs were made

with the expanding shock wave passing into ambient ai~r with ýo 1.4. Air

is not a combustible mixture but it i!s assumed that. t'iore is enough H for a,2

reaction. In this analysis on.,V particles -jr c1swhich are outsido of

the pressurized sphere or region of energy addition ar'e considered to be

combustible. Theon as the flow progresses, a contact surface will always

separate these two regions. Gulls inside of this conitact surface are

not followed as they are uot considervd to be comlbust ible. (.ells uutside

of the contact surface are followed a,-. they ire cons idered to be combustible

and honce are necessary for the delay time calculal~.ios. The iniecells

do however serve the. purpose oil providting thle iiccessat'y oile.gy for tile

establishment of the shock wavo )Ahi.;h proesses; tho combustible inixture.

This :is illustrated in Fig. 4 Cor the case ot! a oursting sphere. Note

that -.he outward travelling shock wavo begins at tile c:ontact surfaice but
because of the infinite gradiunt.s involvod, 1110i area 11ust inlitially be

smoothed out over thte F.,acc of two partielus, l ki owi as fairinig colls.

For the actual veactiuo, li simp lo hydrogei- oxygotn system isuisdeo

Schott and Kiinscy'' havo shown1 that thme pr-illaiy rueactionss involvou are:

11) 0)' 11, or-- Oil

UiI llr--4 I~ I ' ,U 4, 11
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where reaction (Li) :is the most highily endotherinic reaction in thle chain

(reactions ii, iii and iv). Fer this system of reactions, Schott and

12 13
Kinsey and Strehiow show plots of local delay timc times oxygen

concentration vs. 1000 over the tempexrature. E~r:m the!se plots the quanti-

ties EA the activation energy and A, the pre.-exponent~ial factor can be

determined. The Dlot from Strehiow is reproduce-A in Fig. 5. T'he above

quantities are found in the following way.

We have that that the loca~l delay time is given by eqn. 7, -repeated

here()

Th en ;0 fo~ 'd~ ICg~~eFART~

1h i

~ [ ~ 4 A/RT]
It) .10

or +r~ ~1AW -

Notice that thi~g equationi iý u( thc form y nix 1)b

where ~

EA

10

and h

1h A

shh i Table I bo1 w

-w4
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- - ... ..-.. .. . .

EA__ %nA E Asec-moles1
Investigator m = RnnA--ni0_(kCal/mole) Ajir

_____ 10 Znl 10_Alite

____ ___ 1 ____ ___ ___ ____ ___ ___-11

Strehlow 3541.18 - 10.165 16.19 6.8418x40-II

Schott & Kinsey 3960 - 10.647 18.14 2.2542x40-&

TABLE 1

At this point an arbitrar> choice was made to use the values obtained

from Strehlow for the initiation and delay time :alculations. It was felt

that this is justified by the fact that the two sets of values are in fairly

good agreement. Also, the actual numbers are not of that great a concern

since the main purpose of this work is to determine qualitative behavior.

lo completely determine the chemical kinetics, the range of tempera-

- tures for which the hydrogen-oxygen r(.actlons discussed earlier are valid

must be stated. Schott and Kiiisey studied hydrogen-oxygen reactions in the

temperature range between 1100" aid 2(jU00K. Slightly broader limits were

chosen for this work, .pecifilctlly l()CO to 270 0 K. Again this is a fairly

airbitrary choice but the limit ,; used orrespond roughly to values of three

to n~ine times the usual stanidurd atmoý,,phore alwient airv temperature at sea

level. Ihl this tewperatu&ve rtuigo theot, the simple At'•thenius kinetics are

assulmed to hold for the OvheIuitl proctss under consideration. Bolow 100 00K,

the temperature is assumed to be low tnoug)h that no apreciable react iou

will occur. AlMve 27MON, thve,' icý a, sui1vked to Le so uach el1dotlhe'mic

Tý dissociation that 11o appreculbtLe frac1 ion of, the total dvla) time will he

* used up. This situation is showl) in I ig. o.

Next it is nlevessary to kb~rlI vv tho spectick forili Of et11. 8 whi ch Is

:u,,;blo with CLOUD prograw out pnt for lj thlt lon ,lld d* lay ilile tqtuldios.

SoWce CI.U1PI uses n4',i-d imoin oi ii v 14s oft t 11h1 th10 ,.tantit y dt i., nut

d,.r. .+ly Ukainal). IlUteyr, t •h Al, i. -11dt n'be .M •.o

",",



9

has been defined-previously. Thus ont, can write

CIQ (0

Now all that remains is to substitute the expression forr~ into eqn. 10.

However, is given in terms of the oxygen concentration and the tempera-

ture of a cell of the combustible miXture.. Thus expressions must first

be found for these two quantities.

To determine the cell temperature, one may proceed as follows. Since

for a perfect gas the temperature is a function of the internal energy

only, we see that the cell temperature can be obtained from the cell energy,

which is a part of the CLOUD program c:utput. As noted earlier CLOUD yields

a value of E =e/P~v0 , where e is the actual internal energy per unit mass

and Pand v0 are non-dimensioiializiny. referenc~e quantities. It can also

be shown that for a perfect gas

We may then substitute eqn. 11. into the CLOUD expression for cell energy

to obtain,

_ P'v £(12)

which by the perfect gas law wiy be r-,-writto-n

E : ~ 1(13)R0;e

wileve T is tile 4iiktiul awhiotmt tempk-w*atur~e and It is, tile gas Constant of
00

tho aumblt.nt &as. Rut sinco we ato Qctsidriag flI't thoi amitiont ga-, is the
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combustible mixture we can say that R Rand ecqn. 13 reduces to*

or rearranging,. we obtain an expressioni for the. cell temperature as

T: ~T 0 ~03.)(14)

Finally the oxygen-concentration: [0] must be determined. Since
sec-moles w

A,-the pre-e~xponential factor i.s given with the units lwte

require to have (0lin the units so that in eqn. 7 we will be left

with units of time only. The uxpression for [O~J is then given by

Where and MW refer to the donsity adm ecular weight of th elin

questionl and M.F. .refers to thle mole Oract~ion of 0.,.

The density of a cell is not o~btainable directly, from CLOUD. However

tho specific volume ratio v/v is. Then becausc. 1/v we have
0

whore aigain the subscript refers to initial amnioint conditions. Then p is
given by (~

11(41. 10 is thoen sul)stitutd hach into etqn. 15 it~ obtain tkhe pr, si on

ic [OJ.01



Eqns. 14 and 17 may then be .subst ituted bacXý into eqn. 7 to obtain

an expression for

~~E~~.)(M'd,/R ,r01e ep(R/E1C))

A M01 (M T (18) F-
We can n~ow substitute intc eqn. 18 numerical values for the following

quantities, 44ax1y ~ - (,e~4edw

Using these values then eop. It' rcducýs to

7. 701 10,(19)

whore Ti has units of seconds. Recall aitso thtLi the non-dii~iwnsioual

call onergy obtained fromi CLOUD~.

Iiqi. 19 is noiu substituted back, Intoe qn. It0 to obtaini,

cA*/T xiIisE t

- U10)

1.2976 x 1 t 6.34A

lii.20 is now integarated ulumvrkl 11yfott~~u-iesi 1al K lue

oiý shoc~k pasg to tits. tiulv t ~ Ns' this cIu~i: iua, etjn. 20) is re-

w~ttofll 41s
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1ff:Xj)% & (21)

or more compactly,

- --Y (22)
ts/to tc

where l/'r has been defined above. Note that the quantity) has unitsi ;CLOUD

of sec~ and that is dimensi on less.

The actual integration is then pc-rforined using) eqn. 22 or equivalently

eqn. 21 on an IBM 360 computer. T7he limits of integraition arei */ and

t/t as shown above. llowover, it must be noted that eqn. 22 was derived0

With the assumption that the roactive kinetics are valid only between tile

temperatures of 10000 and 617001"K. If the cell temperature drops below

10000K, the integration 1s. tomporarily halted. If tho coil temperature

rises above 27000K, the intograktion !,, likewlso temporarily halted. If and

when the ';ell temperature r-Au mns oh ceuil ai the Integrat ion

isthn esme.Thus tho aitual litr ts of luttcgrutiuit u y be narrower

thtan those given ab'ove.

[it Fig. 7 are shown qualitativol- four difforent types of temperature

Ylariation which maN be observud f'or a given oel 1. In Pip.. 7a, the shuck

passes"' tile %Wll ill qustionl 3n114 s. its, tomperaturv. However, thle

temp~erature never rLeaeCiIO the 10OtU'L iueitt. This cell will tht-n likver

begin reaction, itsy~value will re~ eoativ it will have all ilifillito

delay time. i.o. , it wil 11 nt ignuite. 1l~ g, 711 .iw a cell Cl-r Which tile

temper-aturv does; rise ahvve I000`1K at ;'or shuA psagv. Once pastth

poinit of highest tomperaturv, t hvr. It a moniutotite decreasc Until 1,he.

tompvraur ill oneaaiik' bIV 1ho )00)k cuto&C I iuvilt. Jt31i e this cell

-- has -A tempvet'aUro Ill tile 4v.k' ae.e'tatll riugV,. i nt el'atLi ol Of' v.qul. at lOng its

I. -
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trajectory will proceed. Thus this cell will undergo reaction and have

Sfinite values of and delay tine. This cell may or may not reach the

point of ignition. This Aill depend ()a the initial dimensional condi-

tions and will be discussed later. Fig. 7c shows a cell for which the

temperature rises above the upper cutoff limit. This cell will undergo

the same procedure as that for the cell of Fig. Th except that during the

time when the temperature is above the 2700K point, the integration of

eqn. 22 will be temporarily halted. 'Ihis integration will resume when the

temperature has dropped below 2700 0 K and will proceed as long as the temper-

ature is greater than 1O000K. All else is the s.ime. Finally, Fig. 7d

shows a temperature-time plot for which nun-ideal effects are pronounced.

Due to the non-ideal nature of the flow, second, third, etc. shocks may

propagate pasv a cell after the load fhock has passed. The effect of these

4 later shocks is to cause a tomporatur. perturbation on the generally do-

creasing temperature prof ilo . Thoese 1,erturbat ens raiso the temperature

of the cell but not by as much as the load shock raised the temperature.

As shown in the plot, a lprtarbation kan uccur iii such a way as to raise

tho temperature above the uppeir iuut and so causo a temporary halt in the

inteeration. It cal also raint? the temperaturc- above the lower limit and

hence allow a longer inteogrutini for i cell fut which 1he integration

would otherwise hiae been compt et ed.

With this tltforwuation iW Wdild tl,,n, vilt. ,. ts integlrated i1lonig the

necessary particle or cell -:.,e'tori,,s to Ublti!in the data for this investi-

gatiOn.

IV. II'Si CASE'
Co deotermite tte val idity of thil iulieoritIl St tmkail l tothtnS

aw Wae 11111 witb the Rulitg alliJ Choflu NOl AtM tt"i - ktil- tpher run described

earl icr. The nwaet I c I llU~ e)±~I'~?'l . 'hlivie •, 1 1,, tln ii olWllt~ f Is e



14

for this sphere burst. Tv~o of these (.11s are discussed here, namely

cell 130 and cell 135. For these two .:el1s, the quantity 1/t-. was also

obtained at various times during tile *i'tegration period. Plots were

then made of 1/,r vs t/t for these culls. These? are shown in Figs. 8
1

and 9. As eqn. 22 can also be integrated graphically by determining the

area under the 1/r ivs t/t.a graph this was also Jlone and used as a check

on the numerical schemne. In Figs. 8 and 9 the c-oss-hatched areas represent

half time increments which were included to make the graphical integration

correspond exactly to the numerical integration. The larea under these

curves was then determined by a planiliieter.

For cell 130, the numericvl schewe yieldod :i value for of

4 -15.379 x 10 see . The planinc-tor integration yielded a value of 3.37b x 10~

sec. The percent error can then be dleterminedl fromn,

6% error LO)(4100MIDR

Fo~r coll 130, oqn. 213 vie ld- i va lue o~f .04% error.

For' eel I AS, the numerival scourie yielded a value forYLO ) of

1.w. X 0, 'e' iiorvas the pl)-11niweCITe V iQlde a vi'llue Of 1.6.2 X 11)se

litin. 23then gives a value uf I2 eryour fur co I1 13.

These values k)~ pecoktgr ýt0I r certaltilly within an cceptable

erk ior mairghti and ski this is ta~u as ,vlkloneo Ohat theý numeric~al i tegration

T~i I.; etutrning. valid uutput.

\I-.,u showni f~or ii I ti'at~iv iepu s s Pil.. I0, which is 'atre

k~ilel i~ii pl~t, 01, vs ý-vl 1 m'ither vs t/1 t ~ltULr aOUI was obta illd

With 1th1 11ume4rival i lvqatleu.ltte. Njt t. t hat for ill the Cells pltted , a

lIargo tract on oft ihe finatl * ' {PW sehuiue vr qikl' ee

for rthe ti r,,t t'omt cell ill Wilkl t ilt- illtvi-.rlt iou iweok-oks f~or a long t i le.

,%ut#. a1-so til mao 11t tlil ýi rv tuk ý'oa tv t hanl wtiity evenl though



itself is limited by this value. This fact becomes important for ex-

plosion loci determinatioit and will be discussed below.

It is desired to determine three things for the Hluang and Chou 200

atm case: the delay time to ignition for various cells, explosion loci

and minimum energy requil,'ments for ignition.

First of all, the value oi 'L0U was obtained for a number of cells

for this run. These values art plotted vs cell number on Fig. 11. Notice

again thatLOUD can be greattr chan unity. Fqn. 22 can bc re-written

F simply as:

1LU (22)

Now for a cell to ignito, its value ofiYmust be equal to unity. Then

oqn. 22 reduces to:

4 or (24)

Thus knowing the value of VhCOUo e the value of t which has been used to

non-diionsionali e th•e time vaw"able cani be detcmiiinud. 'hilli, kzwing

the value of t/t at whic fur the cell is suchj that it cUiv

for the cell to equal unity, one cain ,oasily dLet iLinei the real time

t or the cell to ignitv' from:
t DELAY

Sup:m n:w that U10 lvoký, ot :::" waxi:l 1 (if Fig. 1.
'Fi 'rhs is equal to 1.9102 x 10t SINc" nlt•l uý:Qu',; folr cell 82, Substituting

],tihis Value into ekin. 24 0110 tink;, tlhik t xo ,SC rn l

co mp4)ut er o utu , t is k•,own that •,i,, I S2 u, ms t skila o a i t : (-1• U-

1 1.. 962 x it) s WC1" at nconr-dit llioiOldlo t/ t 1 I1, 1.Thius frollm C411. 2 •,

for Qo1l $2
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tLA --(1. 1.5 (..07>:1"
A (.s ' 1 sec .)

If the value o C OD cell 82 and the value of to just determined

are entered back into eqal. 22, they will of course yield a value of'f= 1

for cell 82, However, if the value of'lL fo- any other call in the

Huang and Chou run is entered into eqn. 22 with the given to, it will
yield a value Yf<l. Thus onl) cell 62 will undergo ignition.

Suppose however, that one considers a value of which is less

than the maximum value ofCLOUD, e.g',• 0 O[) 1.855 x 106 see , which

is the value obtained fur' cell 83. Then from eqn. 24, we obtain to

.-7 -7
- 5.391 x 10 sec. From eqn. 25 we v.et for col! 83 tt)FLAY 6.119 x 10 sec.

where the value of t/t 0 for which was completely summed %as

obtained from the computer output. Aý,ain, entering the value of

V., for" cell 83 with the t Just dLetermint-d back into eqn. 22 gives '•( 1, as

expected. Suppose that one now looks at veils 80, 81, and 82. These

cells have values of~;JlOUf • wh:,chi are greater" tlha the value obtained for

cell $3. So when those valueis are m1 ered liack into eqn. 22 with the to

given ubove, they will yield values tuhich are geatet' than unity. This

moans that in addition to coil 83, thtsu othlor three cells will also

ignite. Of Courul okcan ,ot physica. ly es cced unity. What is done to

correct this is to look at the vlic of t/t fer whllih eaclh of these cells

attained the Value, uL ,tis is of 0ours tile
.value , for col 1 6. A4y fui'ther s-ttimiation beyond this valut is

then i, norod. Now all of tten., Lulls will y '1clo I I eqa. 22..

)Onet, van of course k;vsidetu %'aluL ut 1t i %:il ur' sti I lower,

C g. I.CLO tIU u 1 b t . 1 0 .1A. , tlI 'X1 c olhti lned t u'I t e I 1 8 . Now, all

tiw heolls from 79v to 85 t.ill t-o.•,tv, Thui r variotus i,.titiou parametters
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may be determined as above.

Since each value of LOUL uniquely determines a value of to, we

can now work back to obtain dimensional initial zonditions for the bursting

14sphere. This is done as follows. Adamczyk shows that there is a

relation between to and r, the initial sphere size. This is given by:

•o=- ao (26)

where ao0 refers to the ambient undisturbed sound speed and •I is as defined

earlier. For a perfect gas, the quantity a can be replaced by,

(27)

Thus

Howover, since this investigatJ.on assumes air on both sides of the contact

surface (for flow field determination) we have thatX *I = 1.4 and

.+01.
0~0

J+ which call be re-written as

,. to -Ro (28)

where to is determined from igultioni rwialysls ats above, R RAIl

6.855 x 10' .5 . and T 2.8. d. qn. 2I yields the initial radius,

0r of the bursting sphere.

One call thon use this value of rs in etqn, 4,

(4)

I~~i:. _i' tile•-• ' UMd)n of

to obtain tho quantity LI, Whuchi a. dýscu sed earlier, is the",muunt of

onergy which must be added to .,ivld the. nittal spher, burst csiditions.
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Table 2 displays the ignitibn datzi discussed abovv. For three values

ofLoD the values of (t/toýV 1 and 'DLYare shown for cells 79

through 85. Also included are tie valuos of t0,% r0 and E1 for each case.

1' TABLE' 2

C iCLOUD`2 1.9624106 Scc 1ýLU 1. 85SXl06 $QC -1 'CLOUD 1.6S6xl0 sec-

E to 5 .097xl& 7 sec to = .391K10- sec t 6.039xl0 4 secf

L .491xl0-2 Cm ro .7xO cm r 1.71664l0- C

79.290 l.75x1&-7

so ,775 4.7x0'.3 .389X107

81 .40 1 .8533X10 .201 1.2114x1&7

.7 -7

Si 1 JS (.135 119.X11 2.27 .7xl

84 .29Z l.782x1(f

851.115 6.7S3xlt

'is. 12 Shiows a plot of the d i ri iolia Ii gIi ut ioil dv i Y time's VS Coll

number for the giveni valo~o I ue : i tke U16&bk above. ~oeta el8

hus the shortest dolay timv for' all thioe emorgy levols.. This-WAVeS

filtiaitVO SOJIiO bOCOUSO COIl SVI Ih tilt hllkg$wst k7alue#. ý) 1lte

it may21 occur thut another call will Isuc. to a 'giveti Value fleo

Coll 82 does, ovoe though Coll :t eet L.1 ~tasum h ihetvl

Il ( nSuch a cJse, if' xhiat ValkluC. 0' isw~t~ e15 sl ast~'t .1 rI ervokIo for ill

Iilnitioll analysis, etol U will t tut hIto te wth~ii tost kit-ay' t tin. Thus ottoo

ctil Ito: tay ill 1f,00c)al that k:Ql I ý2 Wi I ltay lir Ist.
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It is also seen from FPig. I2 that as the energy added to the bursting

sper, E~ increases, the delay time for all the cells decreases. Again,

this makes intuitive sense because one would expect a quicker reaction for

a larger amount of energy in the sourc( area.

Fig. 13 shows a pictorial view of the H-uang and Chou 200 atm flow field

generated by the CLOUD program. On this graph, the axes are non-dimensional

distance r/r 0vs non-dimensional time t/t 0. The particle paths or cell tra-

Ljectories are shown. The lead s-hock i~s very evident in the lower left cor-

ner. Initially, the cells travel vertically, i~e., they cover no distance

with time and are stationary. When the lead shock arrives, it bends the

trajectories towards the horizontal, i.e., it accelerates the particles

and hence causes a change in ditstance ý'.ith time. As can be seen, the part-

icles eventually decelerate and tend Nicek toward a vortical inclination.

As mentioned earlier. due to tho non-ideal nature of the flow, secondary

wave systems will occur. These can be sooni as ripples superimposed on the

general behavior of the cell tra&jectories..

The blockod-off portion of Fig. V; is the area of the flow field which

is of interest for ignition caltculatioits. This. rugion is magnifiod and

dlisplayed in Pig. 14. Recall that in Table 2 the'quantity. (t/t 0 ~ was

tabulated against cell number for varivus unorgy levels, Iii. For each of

those energy levels, orie cair plut the 1*lnts ut uidich ignition occurs for

cells in question by simply lucarting, the proper trajectory and travelling

along it -Until thle required valore of ts t oar the vertical axis Is reached.

11::o points:"z :: can: thnb 11cc -ow ht ,l he %:ailed the explo-

Note that the exptosion hjtwus for the lower value of the energy I

higher up the cell trajovtorie,.- Thit. c e-oroswods to tile fact that a lower
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energy will result in a longer time for reaiction, as was discussed earlier.

-4The explosion locus for the eneigy level E = 6.992 x 10 joules is not

:"shown as it is only a single point.

By this tii,.r., it should be evident that there is something special about

-4the E =6.992 x 10 joules enErgy level, because it allows only one

particle in the entire flow field to ignite. Wh~at this means is that this

is -the minimum amount of energy which will result in an ignition in the

Huang and Chou 200 atm flow field. If this energy were decreased slightly,,

-it would cause every particle in the flow field to have -.n infinite delay

time which means-of course that there would be no ignition of any kind.

Thus this value of 1i represents- a cutoff between ignition and no ignition

for this particular flow field. The v3lues of the lowest energies for

ignition will be obtained for other flcw fields in the following sections

and the general behavior of the.,e quantities vwil I be discussed.

V. BURSTING SPHERFE RESULTS

The above procedure (jescribed for the, Huang :iIIJ Chou caseQ ha" at ýQ boonl

appl ied to a iiumber of othoica burst ing ,pliio remi. Thi_-e sphL'rc1t~ i rst ir

generated by the CLOUD program and tire cha\c e':e b trev paraw11tvrs,

the pressuro ratio P2)P the towperztitttr i'at ioIJ -iod thv va Ittvý' Of

for the source region and amh Lent rogio~n, called wi !t'~d respekLt i vo I

Fo Pr allI the f low f ields guneratod by t Ito CLOUD ) ,ogram, tho sourcet and
ambient regions are assumed to ,-ontain air. Ths1.4.

It is first neucessary to dotermino whiicli co)nbiiiat1oIns of ths parwueuters

will load to. flow fields in whic.h mit tation may occur,. Thi i criter'lun call

be determined analyt ical ly in theo telloI~wing wamikir

We hauve set tht) minimum tompt-rattu-o for rez t ion at 1U00OK. Thrfr

*..........
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the flow field must show temperatures at least this high behind the incidentI

shock. Now for a bursting sphere, the shock will have maximumi strength at

the instant of burst. From this point on it will decay, eventually to 1
approach an acoustic-type behav:.or. Thus at the moment of burst, the shock

umust be capable of raising the temperature of the mixture to 10000K. One

can now use the Rankine-ilugoniol: relation for temperature from Liepmann

and Roshko.8

(29)

where T /T is the temperature ratio across the shock, P /P is the
so0 so0

pressure ratio across the shock and replaces '6and '~since it was
1 0

assumed that 1 =J.4. If To 2980K und at the moment of burst

we must have 10000 K behind the shock then,

Wo ~3-3S 5#7

We can then substitute this value of T, /T0 and 6 1.4 back into oqn. 29.

After some rearrangement it is .4ound that

1his. is a quadratic in the quantity P ;P. I t 1111Y be solved to yield thle

values

where the negative solution is not phy., icaI ly wkniingi'ul . Wc now have, thle

pressure ratio across the shock at thv instant of' hurst which is neewstsary

to produce a 1000OK temperaturit Recall e qn. t)
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where Y has rovi replaced y1 and y0  The quantity (a /a) may be expressed

as,

Again because we are considering air for the flow field calculations, the

speci.fic heat ratio and gas constant ratio drop out and we have

Substituting eqn. 30 back into eqn. 6 we obtain

which, after substituting in the value~s determined for y and P /Po, reduces

to,

HEqn. 31 now relates the initial -ýphere prossure ratio to teinitial

sphere temperature ratio, whi1la satisfying the %:onstraiiit of a 1000'K

tompurature behind the' lead sliocý at the instant of b~urst.

Supposo the minimum toempuoature 6.fitted for the Arrhonius reaction

kinctics had beeni 1200'K inteao~d of 1t000"K. Alflhough this criterion is 11ot

mtade uwe of in thlit. investigat ton, it can I),. ?uenioned for cuoiparisou

pur'posus. If this wore tho v.a~i Wehwcver, then an et~u&t ion simi lar to

eqn. 31 could tic derived uslikil the stniv logic. 'ti qaio ouf d he
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pli,

a%3rT L -~T (--7 .(32)

Eqns. 31 and 32 are plotted on Fig. 15 for comparison purposes. For a

1000*K minimum temperature it can be seen that only points which are to

the right and above the 1000*K curve w~ill provide the proper initial sphere

conditions for an ignition. NCo set of initial sphere conditions below and

to the left of the curve will produce an ignition in the flow field. A

corresponding argument can be made for the 12000 K curve.-.

Note that the curve for a 12000K minimum temperature lies higher on Ar

the graph than the curve for 1000*K. This makes sense because one would

expect that it would require tlarger initial values of sphere temperature

and pressure ratios to cause a higher temperature in the flow field. Note

also that for either curve as the temp~erature ratio decreases to zero the

pressure ratio rises very rapidly. Likewise, the required temperature ratio

increases markedly as the prosasure ratio decreasosa. Also shown on this graph

Jis the curve of temperature rat~io equbl to pressure ratio.

I-or this investigation a niumber of bursting sphere runs wore made to

study the ignition behavior in the flow field. Vie initial conditions for

all of those runs lie above and to thi. right of thle 1U000K curve. The

intersection of the 100O*K curve and the c~urve of teoaiperature ratio equal

to re~ssuro ratio was chosen a;; a starting poinlt. This intersection cor-

responds- to the in~itial cotidittons.:

As thIs set of Initial conditious lie-, on the WiOO'K cutoff curve, it was

iiot expected to yield any actu.t± finilte ignition: dato with the titurerical

routine. Thtus to provide the ?1wtiericI il titegrat ion with a flew f iold

slighitly above thv cutoff flow field, the .dbovo iiiitlil conidit~ion~s were

an esod by Ote iPenll. .1111

-ZPa i
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=331ý 33
TO

Then with this set ofzmore reasonable initial conditions as a

starting point, eight bursting sphere flow fields were generated. Four

of these flow fields successively doubled the initial pressure ratio while

holding the initial temperature ratio constant. The other four flow fields

successively doubled both the initial pressure and temperature ratios.

These flow fields, or equivalently computer runs, as they will henceforth

be called ar: displayed in Tables'3a and 32. ~ ~

THEORETICAL CUTrOFF .30 30
A) 10% ABOVE CUTOFF 33 3 3

1 66 3
2 132 i
3 264 3
4 528$5

(a)

FLOW FIELD/IWN PRESSURE~ PATIO 1'IINPiRATUIW RXA1'IO

THEORETICAL CUTOFF 30 30
A) 1% ABVE CUTOFF 33 33______

*- 132 1 32

7. 1 64 2)

10W PILD/ RUN *~tS.UIi IAll I10KM RE AI

11II*EOIIf'CAI. (CUTOFF- 10
B)) 10% ABOVE~ UTWrF ( 11

10 204

11 TABLE

Vý k";,.
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It was also desired to study ignition behavior in another portion of

the admissible region of Fig. 15. For this purpose a new point on the 1000*K

cutuff curve was chosen as a starting point for another series of runs.

The initial conditions at this cutoff point were

Ta.

As before these values were increased by ten percont to yield a better

st.rting point for numerical integration.Ths

-66
Then with this now set of initial condition,; as a starting point,

three more bursting sphere runs were made in which the pressure ratio

was successively doubled while the temperature ratio was held constant.

These runs are also shown in Table Se.

As was done for the Hluang tnd1 Chou 2100 atm ease in Fig. 11, the values

of VCODvs. cell unmber are plotted ior runs 1 through 11 in Figs. 16, 17,

and 18. Two things can be observed in Figs. 16, 17 and 18. First for a

given set of runs, the maximum ralue OLof I iticroasvs as the run number

increases. Then since the init:-.al prottsurc ratio increases as the run

number increases, we conclude that thie maximum va tue of VC0U increases

as the initial pressure ratio iiicrose-.

We would now like to rol~at.o this pressureý drpondenve of the mlaximum

value of YLu)to atn energy dopuntlent~v. Th 1l. %ýan be done with the fol-

lowing derivation. Let the 4uttanlty -V /P x. Thon ue way write

Uand weo deor i Ve
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P, P0 PC, :P(Xc

P2
But x P

So(

Thus we can see that an increase in the initial pressure ratio yields

a monotonic increase in the expression P2 - P0. Now from eqn. 4 we know

that the initial sphere energy, E I is directly proportional to the quantity

P2  0 Po" Thus we may finally conclude that the maximum value of 4 CLOUU

¶ increases as the initial sphorc, energy increases. This is a logical

A conclusion because it has l)een shown that a large value of kCLOUD yields

a small value of t and hence small values of dimensional delay time. Thus

we see that as the energy E1 increases, the value of the maximum 'CLOUD

will increase and corresponding to this, the dimensional delay times will

decrease. This is exactly what one would expect. It should be noted how-

ever that there may be slight IperturbiLtions on this general trend due to

the non-steady and non-idoal nature of the flow tields under consideration.

It Is interesting to noto that the qaintit) (11l'/ - 1) in eqn. 33

7 14has been studied previously by Strehliw and Itidcer and Adamczyk4. This

quantity is called thoedimenstonless onergy den!ýity for the bursting

sphere and is given the symbol q. Thus

$Pa04
The quantity t, reprosents ti u tt of energy added tu thi spliere F

niormali-ed by the ;uaount of eiuaergy tlitt would have heik iW all e0uivjilunt

volume but uiijpiessuriz.4d spiter'v. iro4 eqn. 1, i ts given by,

*%46

pa-pa
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The energy for the equivalent volumce, uIpessurized sphere will be given

by the quantity PVo/ V/ - ). Then we hav-e0 (0

or

Sp,-p

or

The quantity q will be used later in thi5 investigation when delay times

and minimum energy requirements for igniiiorn ai-e studied, because it has

a closer physical relation to the energy thlar does the actual initial sphere

pressure ratio.

The second noteworthy fact:, in rvgayd tuo Figs. it, 17 and 18, is that

the cell which has the largest value ,f : an not be determined prior

to the actual numerical integration. Th'i' i.s i)causc the cell for maximum

* CLUUD is a very complicated function of th• flow field variables, which

are themselves complicated fwictiois of lhe ildt l lwrsting sphere conditions.

From oqn. 21 one muy note that for a ',ivv'i qol in a given run,

(35)

Thus ý(lIDO is a complieated iwnct Lon ot thte t i•, listories of the dimonsi.onl-

less cell energies and specfi•i "" lunWS,

One calln lowevo r state lhit t;he ,,.lt w Valllll e1" of doe._;. .not in
general occur at or around the coittavt ,ýVtla•V :eulls.-50 aild .51). For runs.

1, 2 and 5 the 1 cell Wiich I res thi lat . ,• vzi & oNo 4 '• ,e ll •1 hi i h

is adjacent to th, colitavt suffice. Al• ii t i r •abl, l l' ,tjllng I'll these

II

7it i~~~l~ilS ~i. -ha as n jl rolis!10, ou~ll' t' l; il•tali th o i zl,lik~ suil'tace, tht, cell i(low!ri.Y

1'. decays; rap~idly'. 1!htu lh•h.t,,lM
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(e-)63w E

gets very small and results in a small value of 'CLOUD' This behavior is

not evident for other, higher initial energy runs.

Finally in regard to Figs. 16, 17 and 18 one fact must be noted. For

a few of the cells in runs 7 and 8 the numerical integration could not

proceed to completion. This was due to the fact that in these runs the cell

energies became so high that the temperatures did not decay below the 10000K

cutoff value by the time the CLOUD program reached the limits of its

array dimensions. For some analyses, this would not lead to large errors

because as was evident from Vig.. 10, cells attain most of their final

values of 1CLOUD very rapidly. The temporature decay portion of the flow

field is seen to contribute only a sinill amount to SCLOUD. However for

the delay time and minimum ign.ition eiiergy analysis discussed later the

above incomplete numerical intvgratioil could lead to some erroneous results.

This will be discussed in more detail later.

Further data ruduction wa; undertaken for runs 1 through 4. Tables

4, 5, 6 and 7 show data for thatso runn a5 was shown for the itu•ug and Chou 200 atm

case in Table 2. These result.. aro then plotted ill Figs. 19, 20, 21 and 22

as was also done fur tho tuang, arid Chou case.

Pigs. 19, 2'U, 21 and 22 show an t..terestinh range of delay time

behavior. For runs. I aid 2, Pig-. 19 and N shoiw only hIal'-eurVes. This is

of course duo to the, fact that kit thivcv riunll tht, ci.lls which had the largest

values 0of I were adjacvail to tlt- coulitact sufiace'. III Vig. 19 it canl also

be seen that cell 31, adj•n•et to tilt- contact b'u'aci, ignlites at virtualLy

I,. , ] . . . , ... . .. : • . ., ., • • < -,: ...- .. . . .. . : .... , .,• : : • -: ,~ ~ -
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TrABLE 4

~COD 1. 726x105 sec 1.286xl0 Sec ~~LU=1.179x10 sec

c to 5.793x106 Sec . to 7.77(-106O sec to = 8.482x1 -~ sec

r 1.694x1) CID r 2.27-IxIO cm r 41.480x101 cm~

L E 3.353X10~ joules 1: 8. 109X10 1 joules F 1. 052x100 joules

t/t) t (SC / t /DEAY(oc t/) 1  WIXAY (s0 t/ = tDULAY (sec)

Si .295 1.709xlOG I1( i.3lx10 .110 9.330x10 7

52.170 1 .322x10f .145 1.23OX 1&

53 .'.us 2.061.x1u . 1.5b9x106

54 .205 M 1
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FABLL

-5 5 -1 -
894x10 see D4 7.694~10 sec 6. 439xl0 sec

-6 6 -6
E to 1.116410 sec to 1.299V10 sec to 1.553xl0 sec

-2 -2
L r 3.262xl0 cm r 3.799410 cmn r 4.542x10 cm

11ju .s , 7.6l9xIO- joules E~ 1.,302x10- joules

51 4 8 41xO7 .300 4.59SX1V 7  .145 2.25"1xl& 7

5$ Q0 2ES (A7x015 .2X10-

53 w.s)Xu, .2170 2.4

54 .31S 4.94xl S .795xltOf

-7
55 X'S 15 73.77X1.()

dW ~2$7
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'FABLE (

6 -1 6 1 2216 -
C3.016x10 sec- 2.3=~ 46x10 sec. 2.725U= sec

E.t= 3.316x10 7 sec to 1.514X10O' soc to 3.670x10- sec

L r = 9.696x103 cm 1o .U28xl0 cm ro 1.075x10' cm

-2S 4 1 4  1:le 1 3 . 2 0"4j u e F 3,449xl104  j u eL.2~1 jEle joulesjole

I/t ) t (sec) t./t 0  tw.A (see) t/t) tLY(s)

53 g 0.745 2.bl8xl&' .345 1.266X10 7

V54 .341S 1.318x10' SUU0 1.lOlxl& 7

55 .785 2.60300t .355 1.177x1() .275 1.009x10'

56 .350 1.230X10 .29 1.0b4x1&7

57 ..-75 1.31SX10 .305 1.119X10O

w .0 L41x0 .25 1.193X1& 7

59 .10 1,395x tf7

7.7
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TABLE "I

~ ~CLUD4.367x106 see I.= 3.78 "Ix 1 Sel':~'~:oo 3. 724x1 0 sec

E to =2.290xOx1 see to = .1.641xl10 to = 2.685x104 see
r.=6.697x1(f CHI v 7.722x10- CHI r = 7.85S~X1O cm

L 1.679xlO~ joules 1i 2. S7Sxltf- lulles F~ 2. 708xlO 4 joules

79 w .t .3550X10-

80 4~-5 1.07Wx0O .365 1.034xlf 7

al .475 1.25U10" .450 1..20&d&7

82 .t6S .tUx0 .535 1.45OXlO

83 1.175 21.691X0` * *.555 0Ot08 .335 6.99OX1&8

as .A9 I.03od .430 1.155.X10"

so 55 1.41SX) .480 -*02I

1-15 94 Sx 10 65 1..3) 02 '7

IrI
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the same time for two different initial sphere energies. Figs. 20, 21

and 22 show some ripples in tht curves which are most likely due to the

passage of the secondary wave systems and general non-ideal nature of the

flow fields. Fig. 22 especially' shows some rather striking behavior

around the vicinity of cell 80, where there is a secondary extremum in the

curve for each of the two largcr enorgy levels. This type of behavior would

.. be almost, if not impossible tc deduc• analytically, whereas the numerical

procedure shows the results quite well.

To compare these runs witl, each other in terms of delay time to

ignition, Iig. 23 has boevi obt•,ined. On this graph are plotted the

delay times which correspond to the minimum eneviy for ignition level for

each given rni. These data arv plott|d• vs. the noin-dimensional energy

density, q which is used to citracterizo each run. Ruus 1, 2, 3 and 4

which have just been investigateld yield points- on the curve lubelled

<T.2/T 33. Also shownt on tnii, Qurve Is a dat~i point for run A. Included

-on this plot also are two othv,- curve- . The bott•w curve corresponds to

.. ns 4, 5 and 6 for which tile ':emperature r.tio initially In the bursting

sphere equalled the Initial prossure.ratio. Runs,. 7 and 8 have not boWi

,reuced for delay time data dti to th. i.|t.oeletenwmei'4caI hntegration of

Y"Jj) for these rtuis. 16he to, iurve currospoitnd to runs D,. 9, 10 anld il..
li tosO rthe" the initial hurs lug sfl1er0 t•tp•p•'.atture ratio was hold.-0 ::-sllt .,11

eoilStunt at aVltjie of T'I/ .

Luoking at , cti curw-on 'h. .• ,ni', it oi otbiou.,th.,thd.

t We is a iCuioii o the lii0iitlai WiA ,,ii~ •h4•re pAe•.ur •,,ti Av. i- I)"",

S ilice a Change In flt.. lur4slin 411.. 1".1 t 10 u a t i'uses ý1swtwi

itot.lheaure iliio i i is alo, loe ,t lr thre do revy i Pitt

of.ttis iitlat 4talt.erature rat,,. Io. ;oio 0i.4,o• i 0%i .e ltive p,,it oits

. . . . . . . . . . . . . . . . . .
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of the various curves one could conclude that the relation between initial

sphere temperature ratio and corresponding delay time is highly non-linear.

The physical reason for the deperidence of the delay time on the

temperature ratio can be shown as follows. We know that the energy added

to the sphere E is a function only of the pressure and not of the sphere

temperature. Thus the. temperature does not contribute to the bursting

sphere energy. Nevertheless the temperature does influence the flow

field.- At the instant of burst a travelling wave system is set up. The

lead shock propagates outward from the contact surface while a rarefaction

fan propagates inward toward the center of the sphere. This rarefaction

fan, being an isentropic, acoustic wave must propagate at the local sound

speed, which with the assumption of a perfect gas is a direct function of

the temperature in the bursting sphere. The energy available from the high

pressure sphere cannot be utilized to drive the lead shock until the

rarefaction fan has passed through and hence released it to the flow field.

Thus the rapidity with which this energy is made available to the flow field

is dependent on the sound speed in tht, high pressure gas, which is then in

turn related to the temperature or temperature ratio in the initial bursting

sphere. Thus changes in the sphere tomperature ratio, while not changing

the bursting sphere energy, do alter the flow tfield enough *to have a definite

effect on the delay times for various runs.

To provide a qualitative picture of the ignition behavior in th•e flow

field of a bursting sphere explosion toci have l'een plotted for runs 1, 2

and 3. These are shown in Fig,. 24, 25, 2d, .27, 2, and 29. For each run,

the entire flow field is depiceed fiiit , with the ark-,, of interest for

ignition studies blocked off. This blocked off area is ihon magnified to

provide a clearer view of the lotailcd behavior being studied, lExplosion

_ _,4. .4

. - , ,.

% . ', . 4 4, 4 ~44444 ~ ~ 44444 4 4 4 4. .' .,. 444. .. 4.444' ~ 
4

4 44

-- 4'4? 4 . . . -44 ,. -



loci for the two higher values of Efor each run are plotted in the magni-

fied graphs.

In Figs. 24, 26 and 28 note the increasing strength of the lead shock

as the run number and hence initial sphere pressure ratio increases. This

vividly illustrates the changing flow field which results when initial

sphere conditions are varied. Secondary shocks are also visible on Figs. 26

and 28 for cases 2 and 3.

In the magnified plots, Figs. 25, 27 and 29 it should first be noted

that the rather irregular termination of the particle paths in the upper

right parts of the graphs is not physically realistic but results from

plotter limitations. Figs. 25 and 27 again show only one half of the

explosion loci. As before this is due to the fact that the runs for these

plots have their maximium value of 'CODfor the cell adjacent to the

contact surface. Fig. 29 for run 3 shows the full expected explosion loci.

It is interesting to note that the explosion loci are nearly parallel

to the actual particle trajectories for those runs. In other words, each

Lcll has a distinct non-dimons-onal time at which it will ignite. One might

have expected the explosion loci to lie horizontally. If this wore tile case

then it would imply that a inumber of ecells would ignite simultaneously.

Howover, this ty-pe of behavior has nut: been observed for flow fields studied

in this investigation.

Finially we would like to itudy the wiiiiinwa energy for ignition behavior

for the bursting sphere cases. R~call for the Hhuanig and Chou ~200 attm case

that there 1-.as one value of 1-for wh~ch only otte cell in the flow field,

thn*,. one with the largest vailuý of ocwoU) WOuk- ignite. This was called

thewminimuum energy for igulitioli as oiiorgy loss than this amount would caIuse

all Coll-, to ],gave a&n infinite Jelay t two. A correspunding energy level can
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also b-e found for all the bursting sphere runs presented. This has been

doneandtheresltsplotedin ig. 30. On this graph the minimum sphere

energy for ignition,.E1 is plotted as a fuinction of the non-dimensional

energy density, q.

It can be seen that Fig. 30 bears a striking resemblance to Fig. 23,

the delay time plot for the combined bursting sphere runs. On Fig. 30,

the curves for initial temperature ratio equal to 33, initial temperature

ratio equal to 11, and initial temperature ratio equal to initial pressure

ratio are drawn. Moreover, the curves occupy the same relative positions

as those drawn on Fig. 23. It is not surprising that the two figures are

similar because the delay time and the bursting sphere energy are intimately

related, as has been discussed previously. There is one important difference

bewen the two figures however. Fig. 23 shows that the delay times for

the runs under investigation span about tw'o orders of magnitude. On the

other hand, Fig. 30 indicates that the minimium energies. for ignition for

the same runs span about seven orders of migiue Tu h iimminto

energy is a much strongez function of the enorgy density than tile delay time.

All three of the curves onl Fig, :;0 show thle expected behavior, i.e.,

as te eerg desitylncoas:,tile utininium energy for ignition decrease$.

Note that as one approaches tho, cutofrY energy density, which is analogous

to approaching thle lU000~K curv-) oil Fig. 15, the r~equired energy increa'ses

oxtremely rapidly, eventually roaching- an infiniute value when one encounters,

the ig.15 utof crve.On he t~n hand it 1i seen that as ono, apprudches

very large energy deuisitles, vory, liti~le Ohangv in thle minimum bursin

sphLere energy It, required to pr'udtiýuetin ignition.

As i th Pi. 2 deay tlut pl , uns7 onid 8 are not shown on tile

trprtire ratio equal to 1,roýsii' viti ic urve,. beeause, tho Wnope t

numerical intogration woulId yield oriueusJ i evt elstesui
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speed efcsare evident in this curve andi in the curve of temperature

ratio equal to 11. The same reasoning discussed earlier applies. That is' N

*,as the initial sphere temperature rat io increases, so does the sphere

sound speed. This enables the inward moving rarefaction fan- to release

the sphere energy to the flow field more quickly and from a minimum

ignition energy standpoint more efficiently.

In summary, it should be noted that a bursting sphere may be charac-

terized by an instantaneous addition of the energy E. T'his is because

at time zero plus all of the energy. which is ever going to be present is

already present. We now wish to investigate a number of flow fields in

which a finite amount of time is required to add the energy E1 to the high

pressure source region.

VI. ENERGY ADDITiON RESULJTS

To determine the effects of finite rate wiergy deposition times on

ignition behavior in tho computer gencrated flow field, a number of comiputeor

runs were made with a non-dimensional deposition time of t/t0  .02. in

addition one run was made with a aqu -d imens iona I deposition tinic of t/t .1

11its case will be -discussed, lattt. The aiiihanics of how this onergy is added

14
with a finite rato in tho CLOU11) propprnm is disizussod in Adauiczyk.

To obtain a certain corns.stency between the finite rato energy addition

flow fields and those generated by a Iiurs-tiiig sphere, it was decided to forcte

the pressure ail$ temperature ratios in tho souriiec regiuns of the Onergy

additLon runs ut the instant the addition was c.omplutud to be equal to thle

initial pressure and taiaperatuce ratios intecurergos fteer-

i'sponding bumstnv, spheres. thsw( have tit thuV instanit thiv deposition i

comipleted the suime towju~rature ratios aind h11ev thle Saile Soun~d S~pood offec t

ftA
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as were encountered for the bursting ;;phere case. We must note two things

however., First, si~nce the wave system begins propagating at non-dimensional

time t/t =0+, by the time the deposition is complete, the source region
0

is not completely'homogeneous. Nevertheless the inner portion of the

source region i~s homogeneou~s since the inward travelling wave does not

reach this area umttil after the deposition is completed. Second, the .
A addition is assumed to occ;ur at constant volume. Again because of the wave

system, tihis is. not strictly true but as the change in volume during this

time interval :is small, the effect is ignored. V

To yield the proper conditions at t/t .02, we must have the proper
0,

N initial conditions for the energy addition runs. This is determined as

follows. Recall the bursting sphere (norgy is given by,

4-no

In terms of intensive variable!; this faty be re-~written,

where m represents the mass in the sokirce region. Adamzcyk 14then definies

anow variable Qf which is the energy input torn for the finit raedpoi

tion CLOUD runs. Qis then g ivon by thu axpression,

I IV~

Qris then used to ctrtei tho viicvr~y itipkt fur thký CLOUD pr'ugro

where the values of yand (v%, )S&auter are theloil values obt a 11twd

for the corresponding bursting sphort. easv.

k_:
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It remains to determine tite initial pressure and temperature ratios

for the energy addition cases. For all of these runs the initial pressure

ratio was taken to be unity i.o., ambient pressure. However, the initial

temperature ratio is not neces~sarily equal to unity. We can solve for the

4ý; initial temperature ratio in the following manner. Since we are assuming

aconstant volume energy addition we may write:

Then from the perfect gas law,

(Tf/Tp 0ft10 i '.NIR

where RENERGY ADDITUION R BURSTING SPHERE R 0and thus the gas constant

j1! drops out of the above expressitons. Theil,

(Pa.1p)O~ A omiv, (P./ R t ~jtiV SMOV~A
or

or 9 ince (P 4O,01F w:: fu abve wehav

runsaredisplayedinTbeS Foeaho hs)risthcmperupt

was eee~dto verify that the proper cetiditiuns wereobandtthisat

tedex,,vttspositiont was. ompleted. lit il ea1 st. verict~itioii wa obtainled.
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TFABLE 13

CORRESPOND ING
FLOW FIELD BURSTING SPHERE PRE3SSURE TEMPERATURE Qf

RUN RUN RAT10 RATIO

12 1 1 .5 81.25r
13 2 1 .25 81.875
14 3 1 .125S 82.1875
15 4 1 .0625 82.34375

16 5 1 1 162.5
17 6 1 1 327.5
18 7 1 1 657.5
19 8 1 1 1317.5

20* 1 1 81.25

Run 20 has deposi~tion time, t/t .01
0

All other runs have deposition times, tit

The plots of vs. CCA1 flUmflrl, twL. vs. coll number and

explosion loci are not shown for thu cnergy addition run,. as they ar'e

qualitatively sim~ilar to thietr h1urst ing sphiere counterparts. However,

it has been worthwhile to display the miniuiwii onergy for ignition data for

the energy addition runs. 'i .has 1bcun done in Fig. 31 . Un this graph

the minimum energy required foi- ignition tfur a given energy addition runi

has been plotted vs. the ntdiesiglenergy density, 4 of' thle cur-

responding bursting s~phoro rkin. Also shu~ii on this graph for the saWc of'

comparison are the correspoiiditg, burst ing ý,;phre ecurves, taken f~romn 11g. 30.

As bef'ore, data for runs 18 and l) 19t are11t showil becilUse of incoW))let:C

numerical Antoegratioais for tho-'c. 1,'uns.

It cull be seun oil Fig. 31 that, t f ior wt* th xig~c' the minimum

unergvy required to obta in an i;n 0 t1o in ait enet gy addi~tion f'low field itt

less thani the auioutit required tit t k~o~rvspondi fir hurst lug sphere f'low ti elk.

AquaLit.tive explastainton ot ti btvo &*pehls, On I wu obs rat icis.

Virst, in tho burst, iu tilt, t 'wv 1_ t init 1,11 ww~luWave is u a uL
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In the energy addition case, the initial compression wave is an acoustic

wave and builds up to a shock as the cnergy is being deposited in the

source region. As it is known that an acoustic wave will do more compressive

work than a shock wave, we may conclude that the lead wave in the energy

addition case will have higher pressures and temperatures in its wake than

will the corresponding lead waxe in the bursting sphere case. This is

conducive to larger values of q) and hence smaller values of minimum

ignition energy for the energy addition cases, Second, because of the

time-dependent nature of the de!position in the energy addition cases, the

resulting lead wave may "focus" certain particles of the flow field to

produce local hot spots. This will then also lvad to larger values of

SCLOUU and smaller values of mniimum Ignition energy,

At the far left of Fig. 3.1, where, the values of q are small, the energy
11

addition curves are seen to mur'ge into the bursting sphere curves. What

is happening here is that at thtesv low evnergy densities. ignition becomes
hard to produce awe are approaching the critical cutoff curve of Fig. 15.

Thus both the energy additioii and bur.,tWinV sphere curves approach a vertical

asympte alld because or" this are scol to morgc Into each other. It

should also he nioted that at q: 50i0 he hur!,tqg sphlere curve, for the

tonhImrature ratio vilual to 33 is seen tu intorsect, its correiponidiig energy

addition curve. It is bvol ivetI t hat lhis C it ,. ;Od by all iliculeplete

"numerical integration it ruiin 1 and titus 1ot 'resent, tive of true physical

behavior. However. this has noat Ik otvi ¢ni rilimd ait the t ime of' thli . writing.

.inally, we itlay e.%ailll i oil furl itert phk. Cioau clll def i iW 1 -.w

variable p), tall ed the piOwer d ln,.it) ,)y the f'oll .owing relatio ..

-- e°ii~aPo0 to ESyo
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or R t (39)

where q has been defined previoasly and (t/to)DipOS[T!ON represents

the non-dimensional energy deposition ,ime. We may look at bursting sphere

run 1 and energy addition runs 12 and 20. For each of these case, q 65.

Run 12 has a deposition time of t/to .02 whereas run 20 has a deposition

time of t/t° .01. Because run 1 is a bursting sphere it is known to have

a deposition time t/t° 0. For these cases then the power densities have

been determined from eqn. 39. The inverses of these power densities have

also been determined. These data are shown in Table 9.

TABL.J 9

FLOW FIliEL D -o --q o t (ps'rt/tO ~ isroN P

441 5 0 a•0

1; 65 .0 6500 1. 538x10
20 . 5 ,01 3250 3,077x10 4

Fig. 32 is a plot of, the ninimuni energy roquired For ignition vs. the

quantity 1//p for the above tihr, case ., "he daita points are connectod by

straight dashed lines to indicateo that the exact shape uf the curve is not

known at this time. ilowever, 'ruilfl til three data poinlts plotted, wv can'

say that the curve appoars to ,xh itiit rolat.ivv y .xtromum behavior, 'h'llis

suggests that thure inay pos.iihly he opt imli pjvr' doul it ilus for ignition. i

Ih is has. llot hboel in1vuttigat d Ckirtt '.,' at the tittle oti writing.

Vi l CONILUS IONS

We havu sven that thle, ignition ,.havio iln a nownt'ulady, flot-ideal flow

field is a oltlpl icated fu,•lt in of tiht tiflow vwr ableos. part icularly te1l.

energ'y or t~ enpe'a t 're and eyi I spe, i C VOl~m' utIe he,•se tuant~it ies arc ,

4 i

-'..,--;.
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themselves complicated functions of the initial conditions in the source

region.

We have also seen that the important quantities to determine are the

delay times to ignition and the minimum energies required for ignition, and

that both of these quantities tend to decrease as the non-dimensional

energy density increases.

We have also studied the differences in ignition behavior as the

source was changed from a bursting sphere to a finite-rate energy deposi-

tion source, and found that for most values of q, the finite rate energy

addition cases required a smaller amount of dimensional energy E1 to

produce an ignition in the fio, field.

Finally we have briefly. eamincd the effects of power density on

iminimum energy required for ignition ind shon that there may be optimal

power densities to produce an ignition.

VIII. SUGGESTIONS FOR FUTUR RIEUSARCII

A number of variables havw been hold cunstant during this investigation.

These could be varied to yield additional data. For example one could change

the temperature cutoff limit from 10000 K to 1200 'K to see what effect

it has on the Ignition bohavio.to in tho reSultiu• flow fields. One U ould

aleo substitute the values for the ac,:ivatioll energy and pre-expoiu'ntial

factor from the Schott and kin•ye data for the ýalues obtained from Strehlow.

One could also use source regin,,. whdi:h cnt.&in for example helium

(Yi m 1.667). lI addition it ,eould 1- wistruct iye tu obtain more data

points for Fig. 32 at diffieent power Jensitis,

There are throe 11tiatations ol' Cie modeu uted in this iavestig.tion

which might be removod in futoure wri, Fi-s, ai more detailed reaction

,l... .
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kinetics scheme could be incorporated. Second, when a particle ignites,

it then adds heat to the neighboring particles, thus altering the flow

field. This heat addition could also be included in the model. Third,

the combustible mixture, which was assumed to have the properties of air

in this investigation could be replaced by a more realistic combustible

mixture..

Finally, the point source solution for spherical blast waves could

be used as a means of establishing a flow field for ignition behavior

studies. As the point source solution provides an ideal flow field it

I would contrast nicely with the non-ideal bursting sphere and energy

addition flow fields studied in this report.

"1~

S!iI
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